Motivation -To design virtual environments that support collaborative activities.
INTRODUCTION
When confronted with a collaborative situation in the real world, operators elaborate and maintain mental representations that fit with their environment. In order to do that, they exchange information through different sensory modalities (vision, audition, haptic) . However, in Virtual Environments (VE), the means of communication are limited, particularly when operators are remote from each other. Thus, VE must give other information that may be used by participants to build an efficient common frame of reference: common representation for actions and for the spatial position of objects.
In this paper, we will define some important concepts: Collaborative Virtual Environment (CVE) and Common Frame of Reference (CFR). Then, we will discuss difficulties in developing mutual understanding within a VE. In the second part of this paper, we will present a study about the impact that a stable visual landmark has on CFR construction and resulting collaboration profiles.
COLLABORATIVE VIRTUAL ENVIRONNEMENTS
CVEs are digital spaces in which distant users can meet, share virtual objects and work together. They are used in many areas, such as e-learning, CAD, training and entertainment (Snowdon et al. 2001) . CVEs can lead to a reduction in costs (by using a teleconference system, for example) and risks relative to some applications (e.g. medical training and the nuclear industry). However, the design of VEs which can support collaboration remains an issue.
COMMON FRAME OF REFERENCE
In a collaborative situation, peers work together and share a common goal (although in some cases, the common goal is not obvious). This situation involves interactions between participants, synchronous communication and negotiation (Dillenbourg, 1999) . To reach mutual understanding, operators have to define and maintain a consistent representation of the situation. This representation defines their CFR (Hoc & Blosseville 2003) . Using this CFR, peers can act simultaneously with different but complementary actions. In a surgery, for example, each operator on the medical staff team performs a different task and team members must anticipate each other's actions to prevent interference.
The notion of CFR meets other concepts defined in the literature, such as: common ground (Clark & Brennan 1991) , joint problem space (Roschelle & Teasley 1995) and mutual modelling (Dillenbourg, 1999) . All these concepts underline the importance of constructing and maintaining a shared comprehension of a problem and its role in collaboration. Each participant in the collaborative process must compare their own representation to those of his/her partners. They must be aware of any possible divergence of opinion or representations and must also be aware of how to overcome this. Hence partners use a communication process in which they exchange signs of understanding.
Clark and Brennan called this the grounding process
Copyright is held by the author/owner(s).
ECCE '08, September 16-19, 2008, Madeira, Portugal. ACM 978-1-60558-399-0/08/09 (Clark & Brennan, 1991) . The communication is, therefore, the engine of collaboration. It consists of an exchange of information between participants. The means of communication can be divided into two complementary components: an explicit component (verbal or written communication) and an implicit component (such as body movements, facial expressions, touch and eye contact). In the grounding process, the partners make a collaborative effort to understand each other. To improve the efficiency of the communication, this effort must be minimized (Clark & Brennan, 1991) . Thus, operators have to exploit the features of their environment: common spatial representation and knowledge of the world ("up" is towards the sky), their proximity to the environment in which they operate, their sense of the presence of others, and an awareness of their ongoing activities (Harrison & Dourish, 1996) .
RELATED WORK
In the real world, the features listed above allow people to organise their behaviours to achieve optimum collaboration. However, according to characteristics inherent to VEs, some features become hard to exploit directly: operators don't necessarily share the same viewpoints about the environment; partners are not close to each other; the sharing of information about each other's ongoing activities is limited and the objects of the interaction are not close to operators. This may constrain partners' communication. Furthermore, the means of communication in a VE are often reduced to their explicit component. For example, body movements, touch and facial expressions are hard to reproduce faithfully in VEs. This implies a new form of collaborative interaction which has to fit VE's particularities. In fact, in a CVE, verbal communication becomes the main (sometimes the only) resource used to exchange information and construct a CFR. There is an increasing interest in the problems of mutual understanding in VE within the literature: Kraut et al. (2003) showed that the sharing of a visual space increases the use of pointing and deictic expressions (that, here…) and thus improves collaboration. Axelsson et al. (2003) compared the construction of a common ground between peers in a VE taking into account the immersive virtual reality system being used. Results showed that users tried to find the best strategy to reduce communication costs.
In a study of asymmetrical systems and problems related to differences in viewpoint and restrictions between users (Hindmarsh et al., 1998) , the authors found that these restrictions impeded collaboration. This was because partners were not aware of the possibilities and constraints of their collaborators. They went on to suggest clues about the partners' actions in the VE in order to avoid these problems and to improve collaboration. On the other hand, Spante et al. (2004) showed that a partner's knowledge about the possibilities and constraints of his collaborator can improve collaboration.
Analysis of these results shows that sharing visual information is necessary to reduce communication costs in a collaborative situation. However, this visual information needs to be broadened to improve CFR construction. Furthermore, keeping a partner informed about your own ongoing activities may improve CFR construction. Finally, designers of CVEs must take into account the different reference systems used by each operator (cf. next section). Indeed, even if the operators do not share the same viewpoint, highlighting their common knowledge of the VE (e.g. the relative positions of objects) may reduce misunderstanding.
REFERENCE SYSTEMS
The description of an operator's action is dependent on his viewpoint of the environment and can use one of the following systems (Bridgeman, 1999) :
(a) An egocentric reference system in which actions and objects are located according to the operator's body or some parts of his body. This system is preferred when performing actions, such as grasping or moving an object.
(b) An exocentric reference system, i.e. one that refers to the elements of the operator's environment. It is well adapted for making a spatial description of a room or for reading a map. This system involves mental rotations which make objects fit with the operator's point of view.
An operator can also use a relative exocentric system. In fact, he/she can specify an action according to an element of his/her environment, but this referenciation has meaning only if it is related to his/her viewpoint (e.g., the sentence "put the pen behind the book" will have meaning only if the operator is in front of the book).
Which reference system in CVE?
In spite of the importance of reference systems in CVE and their influence on CFR construction, few research studies deal with this problem. However, some studies can help us to define our research hypotheses.
Figure1: in an egocentric system, for operator 1, object A is on his right and object B on his left. For operator 2, object A is in the front and object B is behind. In an exocentric system for both operators, the object A is on the right of the fixed reference (the virtual character) and object B on its left.
According to Kimura ( regard to mental rotations. They usually use geometric properties of their space to position themselves. On the other hand, women are better able to remember marks on a path or the positions of objects drawn on a paper. These differences can be explained by the use of different reference systems by males and females. They can lead to different resolution strategies for men and women carrying out 3D object-handling tasks.
On the other hand, Roberts and Aman (1993) have shown that in 3D environments, operators tend to use an egocentric reference system. However, in a collaborative activity, because of the divergence of operators' views, specifying actions in an egocentric system (which is specific to each operator) can lead to misunderstandings and/or antagonistic actions. Moreover, in a VE containing similar objects, it is difficult to reference them unambiguously (cf. Figure  1) . This complicates the construction of a CFR and impedes collaborative activity.
It can therefore be assumed that when the situation becomes sufficiently complex (different viewpoints, multiple manipulations of an object, etc.), operators prefer voluntary use of the exocentric system; (when it is permitted by the presence of contextual clues in the environment). An example of this can be found in a study by Blouin et al. (1993) on pointing movement in visuo-kinaesthetic conflicting situations. This reference system can lead to better coordination in the planning of actions and reduces the ambiguities for objects' referenciation. Moreover, gender can also influence the way operators construct their CFR using reference systems. In fact, an exocentric system requires that mental rotations be performed. Hence, males may use this system more intuitively than females.
In this exploratory study, we will look at the problem of how operators choose a reference system, focussing in particular on how they describe their actions.
By studying collaboration strategies between operators, our purpose is to show:
• The role of stable visual landmarks in the visual space to locate objects according to these landmarks and not only in relation to the operator's viewpoint (or his/her position).
• Impact of participants' gender on the way they use reference systems and construct their CFR.
• Impact of reference systems being used on the profiles of collaboration that can occur between operators.
HYPOTHESES

H1.
Operators use more exocentric and relative exocentric systems in the presence of a Stable Visual Landmark (SVL).
H2. The use of exocentric and relative exocentric systems in the presence of the SVL is less obvious for females than for males.
H3.
The use of an exocentric system allows a wider CFR between operators.
H4. There is a link between the reference systems being used and the types of partnerships that are developed.
METHOD
Forty-four students (20 to 27 years old) were divided into 22 pairs (10 female pairs and 12 male pairs). No subject had prior knowledge of the VE. Participants of each pair did not know each other before the experiment and met 5 minutes before the session started.
The CVE used in this experiment consists of a 3D model to reproduce using 6 different white tetraminos 1 (cf. Figure 2) . The subjects could interact with these tetraminos using joypads. Two users could move two different tetraminos at the same time. 
Stable Visual Landmark
According to experimental conditions (see Variables and Measures section below) a virtual character representing a SVL was placed in the scene's centre (cf. Figure 2 ). The choice of a humanoid figure was not incidental. Indeed, its lateralization (he has one right, one left, one front side and one rear side) is natural and allows operators to locate objects in relation to him. This relative location remains usable and understandable by both operators, even if they don't share the same view. 
Procedure
Each subject was seated in front of an LCD screen and held a joypad. Participants couldn't see each other's screen (cf. Figure 3) . However, they were allowed to 1 A tetramino is a geometric figure which consists of four cubes, each having at least one side shared with another (Tetris game figures). The subjects were asked to work together to reproduce 5 models (cf. Figure 4 ). For each model, the subjects' starting viewpoints were different from each other. They were allowed to modify their viewpoint during the task. For each model, the 1 st tetramino (in white) was correctly placed in the figure.
Figure 4: Models to reproduce
Variables and Measures
Two independent factors were manipulated (cf. Table  1 ):
• SVL with two modalities: Presence/Absence (P-SVL, A-SVL).
• Participants' gender with two modalities: Male/Female (M, F). Measures of task performance included task completion time and the number of errors.
As verbal communications were the main measures to evaluate collaboration, video and audio recordings of the sessions were realized. All dialogues were faithfully transcribed. Subsequently, verbalizations were filtered by eliminating conversations that did not concern the task. Finally, the filtered verbalizations were analysed according to 3 measures:
• The use of the 3 reference systems (egocentric, exocentric and relative exocentric)
• The use of pronouns: personal ("I", "You") and impersonal ("We", "One").
• Verbalization types: conversations were classified into 15 categories (cf. Table 2 ) to get a detailed analysis of verbalizations.
Statistical analysis
The data were analyzed using two types of statistical tests:
• The frequency of observation of behaviour within the same group (use of reference systems and pronouns) was compared with the χ2 test.
• Given the small number of participants in each group, we were unable to perform ANOVA to compare averages. Only t Student tests were used.
RESULTS Performance
The results showed that males were faster than females (t(20) p=0.002) to perform the task. However, there were no significant differences between the groups P-SVL and A-SVL (t(20) p=0.658; cf. Figure 5 ). Concerning errors, the results showed that males made fewer errors than females. They made fewer errors in the P-SVL condition than in the A-SVL condition (t(9) p=0.02 in P-SVL condition and t(9) p=0.75 in A-SVL condition; cf. Figure 6 ). 
Verbalization analysis Reference systems
Regarding the differences between the groups P-SVL and A-SVL: females favoured the use of the egocentric system and even more so in the A-SVL condition (χ Regarding the differences between males and females: females used the egocentric system more than males (t (20) 
Pronouns
The results showed that males operated in a more personal way (use of personal pronouns "I" and "you") even more in the A-SVL condition (χ 2 k-1 =0.0631; p>0.05 and χ 2 k-1 =0.1094; p<0.05, and in the P-SVL and A-SVL conditions respectively; cf. Figure 8 ).
Females tended to use more impersonal pronouns ("one" and "we") than personal ones in the P-SVL condition (χ 2 k-1 =0.0403 and χ 2 k-1 =0.0720; p>0.05, and in the P-SVL and A-SVL conditions respectively; cf. Regarding the differences between the P-SVL and A-SVL groups: In the A-SVL condition, participants provide more individual reflection clues than in the p-SVL condition (t (20) p = 0,048) (cf. figure 9 ). In addition, the presence of the SVL has a varied influence, depending on the participants' gender:
For females, no significant differences were observed between the P-SVL and A-SVL groups (cf. Figure 9-a) .
In contrast, two distinct profiles were observed for males: in the P-SVL condition, conversations involved more descriptions preceding an action (C1; t(10) p=0.011), approvals of the partner's actions (C5; t(10) p=0.032) and symmetrical task-sharing expressions (C16a; t(10) p=0.024) than females' conversations in the A-SVL condition (cf. Figure 9-b) .
In the A-SVL condition, conversations involved more leadership expressions (C10; t(10) p=0.028) and asymmetrical task-sharing expressions (C15b; t(10) p=0.031) than conversations in the P-SVL condition (cf. Figure 9-b) . 
DISCUSSION Performance
Results show that males were faster than females. The longer completion time for females is accompanied by an increase in the number of errors. This shows that females find it more difficult to accomplish the task. This can be related to (i) the task requirements and the difficulties of females to perform mental rotations, as suggested by Kimura (2001) and (ii) to their use of an egocentric reference system. The latter is consistent with the results observed in male groups. Indeed, males made more errors in the A-SVL condition, in which they used a more egocentric reference system.
Influence of the SVL
The results show that males were influenced by the SVL. Indeed, they used a more egocentric system in the A-SVL condition and a more exocentric and relative exocentric system in the P-SVL condition. These results are consistent with those found by Blouin et al. (1993) . In fact, male subjects prefer to use the SVL as a reference when it is present. On the other hand, females are less sensitive to the SVL presence and don't use it as a reference. This can be explained by their difficulties in performing mental rotations, as suggested by Kimura (2001) . Mental rotations are necessary to use an exocentric system. Thus, females prefer to use an egocentric system which is easier for them. We conclude that hypothesis H1 is true only for male participants. Otherwise, this result confirms hypothesis H2.
CFR Construction
In the presence of the SVL, males described their actions in advance, had more positive feedback from their partner, and acted more often in symmetry. In the absence of the SVL they had more negative feedback (comments and questions) and tried more often to control their partner. These results suggest a more efficient CFR for males. Indeed, descriptions preceding actions and positive feedback can be interpreted as signs of understanding between the partners. On the other hand, comments and questions about the actions of the partner can be seen as signs of disagreement and misunderstanding between partners. That is why some participants took the initiative by leading their partners to their own solutions. This also explains the asymmetrical task-sharing which occurred. For females, it is difficult to say if they have a more efficient CFR in one condition than another because there are very few differences between groups. The hypothesis H3 for male pairs can be validated. However, there is a need for further investigation with regard to female pairs.
Collaboration profiles
Three collaboration profiles can be extracted:
Teamwork male profile
In the presence of the SVL, males have a group profile that features more discussions about their actions, positive feedback, parallel actions and fewer attempts to control their partner. This is associated with the use of exocentric and relative exocentric reference systems and impersonal pronouns.
Individualistic male profile
In the absence of the SVL, males are more "personal", with fewer discussions about actions, more individual reflections cues, asymmetrical task-sharing, more negative feedback and more attempts to control their partner. This is associated with greater use of the egocentric reference system and personal pronouns.
Female profile
Females are less sensitive to the presence of the SVL. However, they are less individualistic since they used more impersonal pronouns than males. Unfortunately, the variability of the results for female groups prevents the extraction of an accurate profile.
The two male collaboration profiles depend on the reference system being used. Hence, the hypothesis H4 is validated.
Additional findings
Regarding CFR construction, it was observed that all the participants tried to take advantage of visual clues which characterize the interface. Indeed, the use of deictic expressions shows that operators used activity clues (change of colour of a tetramino when it is handled) to attract their partner's attention and to show him/her their ongoing actions. Males (in both the P-SVL and A-SVL conditions) used more deictic expressions than females. At the same time, females used more explicit misunderstanding expressions (in both the P-SVL and A-SVL conditions) than males.
These results can be related to the results found by Kraut et al. (2003) . In fact, operators take advantage of their shared visual space. Therefore, in some cases, they used deictic expressions when acting, instead of describing in advance their actions. This reduces misunderstandings between them and optimizes communication. The use of deictic expressions is also a way to increase collaboration, since operators are constantly informed about their partner's activity. Further investigative work must be carried out to identify the impact of informing an operator about his/her partner's activities on CFR construction.
CONCLUSION
This study is part of wider research which aims to offer some recommendations for CVE design. The results of the experiment showed a difference between females and males in the way that they collaborate on a figure reconstruction task. The results also showed that the presence of contextual clues (SVL) in the VE influenced the way participants worked together. Thus, the addition of the virtual character as a SLV in the VE has a positive effect on collaboration in the case of male users. Indeed, it improves the construction of a CFR between users and in particular for the coordination of actions.
To be effective in the construction of a CFR in a virtual scene, the visual landmark must be: literalized, fixed, visible to all users, in-scale with the scene, easy to name, easy to identify among other objects and can serve as a reference to all objects within that environment.
In a future study, we will introduce haptic devices as an additional mean of communication in the VE. The purpose of this will be to know whether it is possible to improve understanding between operators by giving them more resources with which they can inform their partners about their activities. The results of these studies will give us information on how operators work together through a VE and can be used to design CVE facilitating collaboration.
